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Rod photoreceptors consist of an outer segment (OS) and an inner segment (IS).
Inside the OS a biochemical machinery transforms the absorption of photons
into electrical signals (Yoshizawa and Wald, 1963; Baylor et al., 1979; Fung
and Strayer, 1980). This biochemical machinery has been treated and thought
to be in essence homogenous within OS with only marginal dishomogeneities
(Lamb et al., 1981; Schnapf, 1983; Jarvinen and Lamb, 2005). In order to verify
this assumption, we have used special optical fibres to deliver highly-localized
light stimuli to OS. If a Gaussian beam of light is fed into an apertureless
tapered optical fibers (TOF), coated with gold and titanium, the exiting spot
of light does not have the usual lobes and is fairly restricted. As the TOF is
moved from the OS base towards its tip, the amplitude of both the saturating
response and the single-photon response decreased, demonstrating a pro-
nounced reduction in the efficacy of the phototransduction machinery. We pro-
pose that this reduction in efficacy reflects a reduction in PDE levels along the
OS, associated with discs aging. Frommeasurements of the gradient of the satu-
rating responses elicited by local flashes at different positions, we calculate that
the longitudinal diffusion coefficient for cyclic guanosine monophosphate
(cGMP) exceeds 500 mm2/s. As a result of this high diffusion coefficient, cyclic
nucleotide-gated (CNG) channels near the tip of the outer segment are closed
by diffuse flashes of light, despite the very low level of PDE in the discs in
that region.
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During pathogen recognition T-Cell Receptors form microclusters which are
believed to be the central signalling units. These structures could hold the secret
behind the exceptional sensitivity of T-Cells in distinguishing single triggering
‘agonist’ peptides against a background of thousands. We have developed a
biophysical approach based on magnetic tweezers that allows us to study the
players involved in these receptor clusters and their dynamics. We use antibody
functionalized magnetic beads to target CD3, a subunit of the TCR Complex to
induce TCR clustering. Using magnetic tweezers, we move the beads along the
cell membrane and simultaneously measure trafficking of co-receptors and pro-
teins involved in the complex using confocal fluorescence microscopy and fluo-
rescence recovery after photobleaching (FRAP). We study co-receptor CD6,
which is considered a co-stimulator for cell activation during cluster formation.
Our findings suggest that while CD6 is not physically associated with TCR
complex, it gets recruited into the TCR clusters. There it is partially immobi-
lized and moves along as clusters are displaced. The diffusion coefficient of
CD6 is higher in bead-stimulated cells, whereas CD6 outside clusters diffuse
faster than those within clusters. We are also downscaling this method to induce
formation of receptor nanoclusters, in order to explore the effects of physical
receptor oligomerization on the activity of TCR and Epidermal Growth Factor
Receptors.
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The bacterial flagellar motor is a membrane-spanning protein complex that
functions as a rotary nano-machine to propel cells through liquid media.
In Escherichia coli, it is powered by a transmembrane flux of Hþ and the
chemical energy is converted into work through a ring of stator units push-
ing on a central rotor. Bacterial chemotaxis is the biasing of movement to-
wards regions that contain higher concentrations of beneficial, or lower
concentrations of toxic, chemicals and is one of the most well-understoodsensory pathways. Upon phosphorylation, the response regulator protein
CheY transduces changes of environmental chemical concentrations detected
by specific transmembrane chemoreceptors to the flagellar motors: it binds to
the N-terminus of the FliM proteins in the C-ring part of the motor (also
known as the switch complex) inducing a cascade of conformational changes
that modulate the direction of rotation. In this research, we combine a novel
technique for protein internalization in live bacteria based on electropora-
tion, recently developed by collaborators in the Department, and tracking
analysis at the single-molecule level using a custom-built microscope. Our
aim is to exploit electroporation of fluorescent dye-labelled chemotaxis
and motor proteins in electrocompetent motile E. coli cells to perform an
in-depth investigation of the interactions between the latter and the motor
complex in vivo.
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The Sonic Hedgehog (SHH) signaling pathway plays a key role in cell division
and differentiation in embryonic development and adult stem cells. Malfunc-
tion in the pathway not only leads to deformities in developing embryos, but
has been implicated in a variety of cancer types. The pathway is activated by
the binding of SHH ligand to a transmembrane receptor protein, Patched,
causing a cascade of translocation events involving the primary cilium, a small
microtubule-structured organelle on the cell’s surface whose spatial dimensions
are on the order of the diffraction limit (~400 nm in diameter and 2-5 mm long).
One pathway intermediary, the transmembrane protein Smoothened (Smo)
which accumulates in the ciliary membrane upon pathway activation, has
proven to be susceptible to a number of small molecules that activate or disrupt
the pathway; however, the detailed mechanisms underlying these effects
remain unclear. By labeling Smo with an organic dye, we have performed
single-molecule tracking experiments to elucidate its dynamics and interactions
with high spatial resolution (~30 nm) and high temporal resolution (5-10 ms).
We have observed that the primary mechanism for movement of Smo is diffu-
sion with transient lingering in parts of the primary cilium consistent with bind-
ing events.
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Molecules required for T cell receptor (TCR) phosphorylation and T cell
activation include a Src family kinase Lck that phosphorylates TCR and
transmembrane phosphatase CD45. CD45 is required to dephosphorylate
an inhibitory phospho-tyrosine of Lck to release its auto-inhibitory structure.
In parallel, CD45 also dephosphorylates TCR and negatively regulates the
signal, and thus spatial segregation of CD45 from TCR-enriched clusters
in plasma membranes is thought to be important. To investigate whether
these two modes of CD45 can be regulated in a single cell, we reconstitute
and visualize the signal system by assembling recombinant signal proteins on
planar lipid bilayer. We found that highly-clustered Lck massively auto-
phosphorylates its inhibitory tyrosine. In these clusters, dephosphorylation
of Lck by a small amount of CD45 had more profound effect for TCR phos-
phorylation than direct dephosphorylation of TCR by these CD45 molecules,
resulting in a net positive effect of CD45 in TCR phosphorylation. In Jurkat
T cells, similarly phosphorylated Lck clusters were observed. Altogether, we
conclude that TCR phosphorylations in clusters could be enhanced by
both excluding most CD45 molecules to reduce direct dephosphorylation
and still including a small fraction of CD45 to positively regulate Lck activ-
ity, thus two modes of CD45 actions are not mutually exclusive but can be
additive.
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Metabotropic glutamate receptors (mGluRs) are G-protein coupled receptors
that are found throughout the nervous system where they respond to the major
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plasticity via a variety of effectors. mGluRs are class C GPCRs which are
characterized by their large, bi-lobed extracellular ligand binding domains.
Studies of the assembly of mGluRs have been limited to classical biochem-
istry and recently, bulk FRET, and have failed to fully describe how mGluRs
specifically assemble as homo or heteromers and interact with G-proteins in
the cellular context. We used a combination of optical techniques to examine
mGluR stoichiometry and to explore how these receptors activate in response
to ligand binding. Using single molecule fluorescence photobleaching in the
plasma membrane of Xenopus oocytes we confirm that mGluRs form both
homo- and heteromeric dimers. Furthermore, we have used truncations, muta-
tions, and chimeras to determine the mechanism of dimerization and hetero-
dimer specificity. Purification of full-length receptors from mammalian cells
followed by immobilization on a surface and single molecule fluorescence
counting have confirmed the results. In addition to studies of mGluR stoichi-
ometry we have used light-gated mGluRs which are based on the covalent
attachment of photoswitchable tethered ligands (PTLs) that work as agonists
or antagonists to study receptor cooperativity. PTLs provide the ability to
probe single subunit contributions to receptor activity using a ligand with
an extremely high local concentration that may be isomerized in less than 1
ms. We will report on experiments that use photoswitching in one or both sub-
units of a dimer to determine how ligand binding couples to receptor activa-
tion. Finally, we have used the absolute subtype specifiicity afforded by PTLs
to analyze the signal transduction properties and pharmacology of mGluR2/3
heterodimers.
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The prolactin receptor (PRLR) and the growth hormone receptor (GHR) are
archetypical members of the class-I-hematopoietic-cytokine receptor super-
family. They are single-pass transmembrane receptors operating as dimers
in the cell membrane. Receptors from this family are involved in many key
processes, and linked to numerous pathologies and cancers. Currently, the
cross-membrane signal transduction through these receptors is an enigma;
no structures of any class-I-cytokine receptor transmembrane domain
(TMD) has been solved, nor has a general mechanism been proposed to
account for the propagation of the hormone binding signal. Deciphering
the signaling mechanism and structural details of the TMD is a prerequisite
for understanding these receptors and for development of agonists and
antagonists.
With nuclear magnetic resonance (NMR) spectroscopy as the main tool, we
have investigated the structural characteristics of GHR-TMD and PRLR-
TMD and the influence of the solvent in which they are embedded. We have
recorded heteronuclear, multidimensional NMR spectra of the TMDs in
different membrane mimetics (micelles,bicelles,amphipols) of different lipid
composition. We have acquired residue-specific structural information on
PRLR-TMD and confirmed the predicted alpha-helical secondary structure.
Surprisingly, it is found that the structural characteristics of PRLR-TMD
embedded in DHPC micelles and POPC/POPS bicelles are equivalent. We
observe for both TMDs that the amount of available lipid solvent rather than
the membrane mimetics and lipid composition, perturbs the structural physiog-
nomies of the membrane-embedded domains. We hypothesize that these per-
turbations relates to the TMD dimerization. The NMR data combined with
chemical cross-linking suggest a weak intrinsic propensity of the TMD for
dimerization, and that entropic forces exerted by the surrounding lipids there-
fore may be crucial to drive the TMD dimerization and activation. These find-
ings encourage further investigations of the functional significance of the
receptor-membrane interplay.
Platform: Protein-Nucleic Acid Interactions I
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The lac operon is a well known example of gene expression regulation,
based on the specific interaction of Lac repressor protein (LacI) with its
target DNA sequence (operator). LacI and other DNA-binding proteins
bind their specific target sequences with rates higher than allowed by 3D
diffusion alone. Generally accepted models predict a combination of free
3D diffusion and 1D sliding along non-specific DNA. We recently developed
an ultrafast force-clamp laser trap technique capable of probing molecular in-
teractions with sub-ms temporal resolution, under controlled pN-range forces.
With this technique, we tested the interaction of LacI with two different
DNA constructs: a construct with two copies of the O1 operator separated
by 300 bp and a construct containing the native E.coli operator sequences.
Our measurements (see Figure) show at
least two classes of LacI-DNA interac-
tions: long (tens of s) and short (tens of
ms). Based on position along the DNA
sequence, the observed interactions can
be interpreted as specific binding to oper-
ators (long events) and transient interac-
tions with nonspecific sequences (short
events). Moreover, we observe continuous
sliding of the protein along DNA,
passively driven by force applied with
the optical tweezers.
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DNA translocation is a fundamental process in biology, required for essen-
tial cellular processes including recombination, replication, and chromosome
segregation. The SpoIIIE motor is a homo-hexameric dsDNA translocase,
part of the ASCE [Additional Strand Conserved E (glutamate)] superfamily
of oligomeric ring NTPases. SpoIIIE is found in the bacterium Bacillus sub-
tilis, its biological role is to actively translocate DNA to ensure the proper
segregation of sister chromatids. SpoIIIE accomplishes this task by coupling
the chemical energy provided by ATP to generate mechanical work, pump-
ing the DNA across a cellular membrane at a rate of 4 kbp/s. While gener-
ating mechanical work is a common function of ring NTPases, the timing
and order of individual power strokes applies this work in a nuanced
manner to better suit particular biological tasks. Understanding the mechan-
ical aspects of fast DNA translocation provides a unique insight into the
diverse mechanical strategies employed by these large class of ring
NTPases.
Using single-molecule optical trapping techniques, we present real-time mea-
surements of SpoIIIE DNA translocation. By challenging the motor with
different lengths of modified DNA substrates, we have determined that
SpoIIIE makes critical phosphate contacts with the DNA backbone during
translocation and characterized the periodicity of motor-DNA interactions,
suggesting a fundamental step size of 2 bp. Finally, velocity dependence on
an applied external load and ATP analogues has given insight into an emerging
mechanochemical model of DNA translocation, suggesting a unique partially
coordinated mechanism of hydrolysis between the individual subunits of
SpoIIIE.
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We are using optimized variations of a force-free single-molecule technique,
known as Tethered Particle Motion (TPM) to study protein-DNA dynamics
and protein folding/refolding in their natural form. First we use it to quan-
titatively describe how HU protein alters the DNA persistence length with
regard to its concentration by locally bending or unbending different regions
in the DNA and hence, changing the local flexibility of the DNA chain.
A second variation of the TPM method enables us to track the folding
and unfolding of single polypeptide chains composed of I27 tandem repeats
using either chemical denaturation (force-free) or force unfolding using flow
or AFM.
